The molecular mechanism underlying adipogenesis and the physiological functions of adipose tissue are not fully understood. We describe here a unique mouse model of severe lipodystrophy. Ablation of Ptpn11/Shp2 in adipocytes, mediated by aP2-Cre, led to premature death, lack of white fat, low blood pressure, compensatory erythrocytosis, and hepatic steatosis in Shp2 fat−/− mice. Fat transplantation partially rescued the lifespan and blood pressure in Shp2 fat−/− mice, and administration of leptin also restored partially the blood pressure of mutant animals with endogenous leptin deficiency. Consistently, homozygous deletion of Shp2 inhibited adipocyte differentiation from embryonic stem (ES) cells. Biochemical analyses suggest a Shp2-TAO2-p38-p300-PPARγ pathway in adipogenesis, in which Shp2 suppresses p38 activation, leading to stabilization of p300 and enhanced PPARγ expression. Inhibition of p38 restored adipocyte differentiation from Shp2 −/− ES cells, and p38
signaling is also suppressed in obese patients and obese animals. These results illustrate an essential role of adipose tissue in mammalian survival and physiology and also suggest a common signaling mechanism involved in adipogenesis and obesity development.
transduction | preadipocyte | dephosphorylation | substrate trapping O besity is a high-risk factor for type 2 diabetes, hypertension, liver disorders, and some types of cancer (1, 2) . Identification of leptin, an adipokine secreted by adipocytes, is evidently a breakthrough in understanding the physiology of energy balance and obesity (3, 4) . The urgency of fighting against obesity and its comorbid conditions calls for better understanding of adipogenesis and the physiological functions of adipose tissue. Although the molecular mechanisms are not fully understood, adipocyte fate determination and differentiation are regulated by several pathways (5) . Peroxisome proliferator-activated receptor gamma (PPARγ) and CCAAT/enhancer binding proteins (C/EBPs) are master transcription factors involved in adipogenesis and obesity development (6) (7) (8) . Moreover, p300, a histone acetyltransferase (9) , has been shown to promote adipogenesis through regulation of PPARγ and C/EBPβ expression (10, 11) . Despite a wealth of knowledge at the transcription level (5), intracellular signaling cascades underlying adipogenesis are not fully understood, with fragmented or controversial data in the literature (12) (13) (14) .
Shp2, encoded by Ptpn11, is a tyrosine phosphatase possessing two Src-homology 2 (SH2) domains that operates in leptin signaling by docking on phosphorylated Tyr985 in the intracellular domain of leptin receptor LepRb (15) . However, the Shp2 function in the leptin pathway was obscured by the fact that p-Tyr985 is also a binding site for Socs3 (suppressor of cytokine signaling 3) (16) . Notably, development of obesity and leptin resistance were observed in mice with Shp2 deleted broadly in the brain (17) , selectively in forebrain neurons (18) , or more specifically in POMC neurons (19) . These results indicate a positive role of Shp2 in amplification of leptin signal in the hypothalamic control of body weight and energy balance. Consistently, selective expression of a dominant active mutant of Shp2 in forebrain neurons enhanced leptin sensitivity in rodents (20) .
In contrast, we show here that selective deletion of Ptpn11/ Shp2 in adipose tissue inhibits adipogenesis, resulting in severe lipodystrophy and early postnatal lethality in Shp2 fat−/− mice. Despite a major public health concern on morbid obesity, our results suggest that the adipose tissue is required for mammalian survival due to its endocrine function.
Results

Shp2 Ablation in Adipocytes Causes Severe Lipodystrophy and Premature
Death. To dissect the molecular mechanism underlying adipogenesis, we generated a mutant mouse line with selective deletion in adipose tissue of Shp2, a modulator of multiple pathways (21, 22) . Shp2 flox/flox (or Shp2 fl/fl ) mice were crossed with aP2-Cre transgenic mice (23) , to produce a Shp2 ) line. Immunoblot analysis showed that Shp2 expression was selectively reduced in fat tissue of Shp2 fat−/− mice, compared with several other tissues and organs ( Fig. 1A and Fig. S1 ). Most mutants displayed significantly smaller body sizes and lower body weights than littermates 1 wk after birth ( Fig. 1 B and C) . The indexes of white adipose tissue (WAT) or liver to body weight were significantly decreased in mutants, although no difference was detected for the ratio of brown adipose tissue (BAT) to body weight (Fig. 1D) . The lean mass was also lower in mutants but the ratio of lean to body weight was not changed (Fig. S2A) . Thus, Shp2 fat−/− mice exhibited a severe lipodystrophic phenotype, with little s.c. or visceral WAT ( Fig.  1E and Fig. S2B ). In less affected mutants, tiny fat pads could be observed, but the sizes of adipocytes were much smaller than in WT controls (Fig.1F) . Immunoblotting showed no change in expression levels of PTP1B (Fig. S2D) , a PTP known to associate with obesity (24) , in Shp2 fat−/− mice. As noted previously, Cre expression is restricted to adipocytes in this aP2-Cre mouse line, with no expression detectable in macrophages ( Fig. S3A) (23) . However, to clarify this issue, we generated Shp2 fl/fl :adiponectin-Cre + mice (25) , to delete Shp2 in adipocytes. As shown in Fig. S3 B-D, immunoblot analysis detected only a slight reduction of Shp2 expression in adipocytes and, consistently, no obvious phenotype was observed in Shp2 fl/fl : adiponectin-Cre + mice, similar to results previously reported (26) . To explore a possible effect of Shp2 deletion in macrophages on the lipodystrophy phenotype, we also generated Shp2 flox/flox :LysMCre mice, which allows for ablation of Shp2 in monocytes/macrophages (27) . Immunoblotting showed that Shp2 expression was significantly reduced in macrophages of Shp2 fl/fl :LysM-Cre + mice. However, the mutant mice were healthy and indistinguishable from WT controls, excluding the possibility that loss of Shp2 in macrophages played a major role in lipodystrophy in Shp2 fat−/− mice ( Fig. S3 E and F) .
Strikingly, all Shp2 fat−/− mice died within 3 mo ( Fig. 2A) . The most severely affected ones died before postnatal day 30, with no fat tissue at all, the median group died in 35-55 d and exhibited mildly reduced body weight and sizes, and the less affected mutants that died after 60 d were similar to WT littermates in body weight and sizes. The longevity correlated well with body weights and phenotype severity (Fig. S4) , and mice at age of 1 mo or older were used for further analyses.
To determine directly whether the premature death is due to lipodystrophy, we performed adipose tissue transplantation. Gonadal and s.c. fat pads were isolated from WT littermates and were implanted s.c. into Shp2 fat−/− mutants. As shown in Fig. 2B , the sham group of mice died before 90 d, but the fat pad recipients showed prolonged lifespan up to 130 d, indicating that fat transplantation partially rescued the early postnatal death phenotype of Shp2 fat−/− mice. This observation indicates that the lipodystrophy phenotype is an adipose-autonomous effect of Shp2 removal and that the adipose tissue is required for survival of mammals. To probe the mechanism underlying premature death associated with lipodystrophy, we measured serum levels of adipokines and growth factors in Shp2 fat−/− mice, WT controls, and fat-transplanted Shp2 fat−/− recipients. Levels of leptin, adiponectin, and resistin were significantly lower in Shp2 fat−/− mice than in controls ( Fig. 3  A-C) , whereas the concentrations of PAI-1, IGF1, TNF-α, and MCP-1 were similar between mutant and WT mice (Fig. S5 A-D) . Remarkably, serum levels of leptin and adiponectin were restored to WT levels in Shp2 fat−/− mice that received fat transplantation ( Fig. 3 A and B) , although resistin levels in transplanted mice were similar to those in Shp2 fat−/− mice (Fig. 3C ). Shp2 fat−/− mice were too sick to survive the glucose or insulin tolerance test. Serum levels of both insulin and glucose were significantly re- 
duced in Shp2
fat−/− mice, compared with WT controls, and fat transplantation rescued the two important metabolic parameters to WT levels ( Fig. 3 D and E) .
Fatty acids are mainly synthesized in the liver and transported into adipose tissue for storage. The lipodystrophic phenotype of Shp2 fat−/− mice prompted us to investigate hepatic lipid metabolism and the serum concentrations of various types of lipids. As shown in Fig. S5E , total serum triglyceride levels in Shp2 fat−/− mice were higher than in littermate controls, but triglycerides in a mixture of different age mice were similar in mutants, WT, and fat recipients. The amounts of cholesterol, HDL, and LDL/ VLDL were also similar between mutants and controls ( Fig. 3 F-H) . Consistent with human subjects suffering the lipodystrophy syndrome, Shp2 fat−/− mice developed severe hepatic steatosis compared with littermate controls (Fig. 3I ). These data indicate that the deficiency of adipose tissue in Shp2 fat−/− mice is not due to impaired lipid transportation in circulation but rather a signaling defect intrinsic to adipocytes devoid of Shp2. Erythrocytosis. In identifying the cause of premature death, we observed a splenomegaly phenotype in Shp2 fat−/− mice ( Fig. 4 A and B), and the ratio of blood cell pellet to serum was dramatically increased in mutants compared to WT mice (Fig. 4C) . Indeed, the number of red blood cells (RBCs) was remarkably higher in Shp2 fat−/− mice than in littermate controls (Fig. 4D ). Hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), and red cell distribution width (RCDW), but not mean corpuscular hemoglobin concentration (MCHC), were significantly increased in mutant animals ( Fig. 4 E-J). In particular, the value of HGB that is used to distribute oxygen from erythrocytes to other tissues was dramatically elevated in Shp2 fat−/− mice, indicating a compensatory response to a status of oxygen shortage (Fig. 4E ). The number of platelets (PLT), but not platelet hematocrit (PCT) or platelet distribution width (PDW), was decreased in Shp2 fat−/− mice, compared with WT and fat-transplant recipients (Fig. 4 K-M) . The number of white blood cells was similar between WT and mutant mice (Fig. S6 ). Fat transplantation rescued the deficient blood phenotype, in particular the RBC and HGB values in Shp2 fat−/− recipients ( Fig. 4 D and E), identifying lipodystrophy as the cause of blood disorder and oxygen deficit. Further analyses showed that Shp2 fat−/− mice exhibited lower systolic and diastolic blood pressure accompanied by higher heart beat rate ( Fig. 5A and Fig. S7A ). Fat transplantation partially restored the blood pressure, including systolic and diastolic, and heart rates ( Fig. 5A and Fig. S7A ). Therefore, the premature death of Shp2 fat−/− mice is likely due to hypotension, caused by lipodystrophy.
Next, we explored the molecular mechanism underlying low blood pressure in Shp2 fat−/− mice. In obese patients, leptin levels are positively correlated with blood pressure, and hyperleptinemia is thought to induce hypertension in obese subjects (28) (29) (30) . As the leptin level was extremely low in Shp2 fat−/− mice ( Fig. 3A) , we asked whether leptin deficiency is responsible for low blood pressure in the mutants. Real-time monitoring of blood pressure was performed before and after administration of leptin in WT and mutant mice. Following leptin injection, the blood pressure of Shp2 fat−/− mice, including systolic and diastolic as well as heart rate, was restored to normal levels ( 
Lipodystrophy in Shp2
fat−/− mice suggests that Shp2 acts to transmit signals required for adipogenesis. To pinpoint the role of Shp2, we collected the tiny residual adipose tissue from the less severe mutant mice, to search for defects in pathways implicated in adipogenesis. Immunoblot analysis showed that the PPARγ protein level, but not that of C/EBPβ, was significantly reduced in Shp2-deficient fat tissue compared with that in controls (Fig. 6A) , and the mRNA level of PPARγ was also markedly decreased in Shp2 fat−/− mice (Fig. 6B) . Previous observations suggest that p300 promotes adipogenesis by binding to the PPARγ promoter and enhancing PPARγ expression (10, 31) . p300 protein amount was dramatically reduced in Shp2-deficient adipose tissue, with no change in its mRNA level ( Fig. 6 A and  B) . By examining the mRNA or protein amounts, we did not detect significant changes in the expression of CREB and CEBPβ in Shp2-deficient fat tissue, with a mild increase in Pref1 mRNA level ( Fig. 6 A and B) . This result suggests that decreased p300 protein content leads to reduced expression of PPARγ. As p38 kinase was shown to promote p300 degradation by phosphorylating p300 (32), we examined the activation status of p38. Notably, the phosphorylation level of p38 was remarkably elevated in Shp2-deficient adipocytes, compared with that in controls (Fig. 6A) . Together, these data suggest a Shp2-p38-p300-PPARγ signaling event, in which Shp2 promotes adipogenesis through inhibition of p38, thereby promoting p300 stability and PPARγ expression.
We confirmed this signaling mechanism for adipogenesis, using 3T3-L1 preadipocytes in vitro. Knockdown of Shp2 by RNAi resulted in a significant decrease of p300 protein level and PPARγ expression in 3T3-L1 cells (Fig. 6C ). Following treatment with protease inhibitor MG132 for 1 h, p300 protein level was increased in Shp2 knockdown cells (Fig. 6D) , suggesting an accelerated degradation of p300 in Shp2-deficient cells. Consistently, p38 phosphorylation was increased in Shp2 knockdown cells (Fig. 6C) , similar to the phenotype of Shp2 knockout adipocytes (Fig. 6A) , suggesting an inhibitory effect of Shp2 on p38 activation. Similar to the effect of MG132, treatment with a p38 inhibitor also suppressed p300 protein degradation in Shp2 knockdown cells (Fig. 6D) . We determined the molecular mechanism by which Shp2 modulates p38 MAP kinase activity. Although Shp2 can be coimmunoprecipiated with p38, purified Shp2 enzyme did not dephosphorylate p38 in vitro (Fig. S8A) , suggesting that Shp2 and p38 coexist in the same complex but p38 is unlikely a direct substrate for Shp2. Acting upstream, a number of kinases, such as TAO, TAK, and DLK that are collectively called MAP KKK, activate MKK3/4/6 (MAP KK), which in turn activates p38 directly (13, 33, 34) . As revealed by coimmunoprecipitation, Shp2 was associated with TAO2 and selectively dephosphorylated TAO2 in a phosphatase-dependent manner in vitro ( Fig. 6E and Fig. S8B ), indicating that TAO2 is likely a Shp2 substrate. A substrate-trapping assay with vanadate competition verified that Shp2 can interact and dephosphorylate TAO2 (Fig. 6F) . Consistently, the phosphorylation levels of MKK3/6 and TAO2 were significantly increased in Shp2 knockout or knockdown cells and reexpression of Shp2 restored the inhibition on phosphorylation of MKK3/6 and TAO2 (Fig. 6 G and H) . Together, these data suggest that Shp2 regulates the p38-p300-PPARγ signaling pathway, by controlling the upstream kinase TAO2 activity, in promoting adipogenesis.
Inhibition of p38 Restores Adipocyte Differentiation from Shp2
−/− ES Cells. Next, we determined the physiological significance for Shp2 inhibition of p38 signaling in adipogenesis. In Shp2 fat−/− mice, Shp2 deletion is controlled by aP2-Cre, the expression of which initiates at midgestation (35) , suggesting a requirement for Shp2 in the very early stage of prenatal adipogenesis. To address this issue, we resorted to pluripotent embryonic stem (ES) cells that can differentiate into various cell types in vitro. Control and homozygous Shp2 knockout (Shp2 −/− ) ES cell lines were established as previously reported (36) . Under regular adipocyte differentiation conditions without dexamethasone, adipocytes were hardly observed in Shp2 −/− ES cell culture compared with WT controls, indicating that Shp2 ablation suppresses adipogenesis from ES cells (Fig. 6I and Fig. S8C ). Treatment of p38 inhibitor recovered adipocyte differentiation from Shp2 −/− ES cells ( Fig.  6I and Fig. S8 D and E) . Rosiglitazone (TZD), an agonist of PPARγ, did not restore adipocyte differentiation of Shp2 −/− ES cells (Fig. 6I) . However, combined treatment of p38 inhibitor with TZD rescued adipocyte differentiation of Shp2 −/− ES cells (Fig. 6I) . Taken together, these results indicate a critical role of Shp2 in promoting adipogenesis through increasing PPARγ transcription, which requires inhibition of p38 signaling.
p38 Phosphorylation Is Reduced in Fat or Old Mice and Obese Human Subjects. The results described above suggest a role of Shp2-mediated p38 inhibition in adipogenesis. We then asked whether inhibition of p38 is also involved in development of obesity in adults. To address this point, we evaluated p38 phosphorylation levels in adipose tissue in mice at different ages or in obese mice induced by a high-fat diet (HFD). Indeed, phosphorylation levels of p38 were progressively decreased in an age-dependent manner and also in obese mice fed a HFD, compared with the same age group on chow food ( Fig. 7 A and B) . Overall, p38 phosphorylation levels correlated negatively with aging and obesity.
We also assessed p38 phosphorylation levels in lean and obese human subjects with different body mass index (BMI) values. , n = 6) mice. (D) Serum insulin levels were measured in WT, KO, and KO-R mice (WT, n = 11; KO, n = 12; KO-R, n = 6), (E) Blood glucose concentrations were compared between WT, KO, and KO-R mice (WT, n = 11; KO, n = 12; KO-R, n = 6). (F-H) Total cholesterol, HDL, and LDL/VLDL levels were compared between WT, KO, and KO-R mice (n = 10). (I) Liver sections of WT and KO mice were subjected to oil-red staining. (Scale bar: 100 μm.) Consistent with the animal data, phospho-p38 signals significantly decreased in subjects with a BMI value over 35 (Fig. 7C) . Thus, there is a reverse correlation between p38 phosphorylation and increase of age or body weight, indicating a progressive inhibition of p38 during development of obesity. In aggregate, our results demonstrate a common signaling pathway, involving p38 inhibition, in adipogenesis and obesity development (Fig. 7D ).
Discussion
Previously viewed as a depot for storage of excess energy, adipose tissue has been recently recognized as an endocrine gland that secretes adipokines for regulation of multiple physiological processes. However, it is unclear how adipogenesis influences mammalian development and physiology. Results presented here indicate that Shp2 plays a pivotal role in mammalian adipogenesis, as removal of Shp2 inhibits adipocyte differentiation from ES cells in vitro and adipose deletion of Shp2 results in severe lipodystrophy and early postnatal lethality in mice. Partial rescue of mutants' lifespan by fat transplantation argues for an essential role of adipose tissue in mammalian survival and physiology. This important function of Shp2 in adipose physiology was supported by a previous in vitro study, which showed impaired adipogenic differentiation of 3T3-L1 cells by Shp2 knockdown (37) . In contrast, Piard et al. reported a clinical case for development of abdominal lipomatosis and subsequently adipose tumor in a Noonan syndrome patient with a heterozygous Gln506Pro mutation in PTPN11/Shp2 (38) .
PPARγ is a critical gene acting in adipogenesis, and its expression is coordinately regulated by various cytokines/hormones and signaling pathways. Shp2 promotes the expression of PPARγ to mediate adipogenesis or metabolic functions. By examining multiple signaling components upstream, we demonstrated upregulation of phospho-p38 signal in Shp2-deficient adipocytes, in contrast to suppression of Erk activation, suggesting a mechanism for Shp2 action by inhibiting p38 activity. Overactivated p38 leads to higher phosphorylation and accelerated degradation of histone acetyltransferase p300, a target of p38 kinase. It is interesting to note that a decreased amount of p300 caused selectively impaired expression of PPARγ with no effect on C/EBPβ in Shp2-deficient adipocytes. Previous experiments have shown that TAO family kinases activate MKK3/6 that in turn phosphorylate and activate p38 (13, 33, 34) . Results obtained in this study suggest a negative role of Shp2 on p38 activation, likely via a direct effect on TAO2 kinase, in adipogenesis, although more detailed analysis is required to elucidate the biochemical mechanism.
The impaired transcription of PPARγ is at least in part responsible for defective adipogenesis and lack of WAT in Shp2 fat−/− mice. Consistently, aP2-Cre-mediated deletion of PPARγ also causes similar phenotypes of lipodystrophy (23, 39) . Of note, the phenotype of adipose-specific PPARγ knockout mice is not as severe as that of Shp2 fat−/− mice, suggesting that Shp2 elimination affects other adipogenic pathways in addition to defective PPARγ expression. Inhibition of PPARγ signaling leads to progressive development of lipodystrophy, which is consistent with acquired lipodystrophy in human subjects (40, 41) . Accumulating data suggest that Wnt, TGF, Insulin/IGF, EGF, FGF, and other cytokines can regulate adipogenesis through PPARγ signaling (42) . Shp2 has been shown to modulate intracellular signaling events elicited by many of these growth factors and other extracellular cues (21, 22) . It is conceivable that Shp2 may act to integrate and coordinate multiple upstream signals in promoting adipogenesis and, therefore, deletion of Shp2 leads to a very severe phenotype of lipodystrophy. However, further experiments are required for identification of specific upstream signals that upregulate the catalytic activity of this tyrosine phosphatase and for determination of how activated Shp2 enzyme regulates the p38 pathway in adipocytes.
The essential role of Shp2 in adipogenesis is very similar to its requirement for hematopoiesis (21) . In previous work, we have shown that homozygous deletion of Shp2 blocks ES cell differentiation into all blood cell lineages in vitro and in vivo (43) (44) (45) (46) . However, distinct biochemical mechanisms are likely involved in Shp2 functions in hematopoiesis and adipogenesis. As described above, Shp2 acts to promote PPARγ expression and adipocyte differentiation via suppression of p38, whereas its action in hematopoiesis may involve reciprocal regulation of Erk and Stat3 pathways (21) . More recent experimental data suggest an interesting Kit-Shp2-Kit signaling circuit in hematopoietic stem/ progenitor cells (47) .
Several lines of evidence suggest strongly that Shp2-mediated inhibition of p38 is a critical signaling event driving adipocyte differentiation. Phospho-p38 levels were markedly elevated in Shp2 knockout and knockdown preadipocytes and adipocytes. Increased p38 activation leads to accelerated p300 degradation and consequently down-regulation of PPARγ expression. Notably, p38 inhibition restored adipocyte differentiation of Shp2 −/− ES cells. We also provide experimental results indicating a similar effect of p38 inhibition in development of obesity in adults. As shown in Fig. 7 , p38 phosphorylation progressively decreased during development of obesity and in aging mice. Moreover, phospho-p38 signal strength was inversely correlated with the BMI value in human subjects. Thus, we propose that a signaling mechanism involving p38 suppression is shared by adipogenesis and pathological adipose expansion in obese subjects. Consistently, dramatically decreased p38 kinase activity was detected in fat tissue in ob/ob mice and HFD-induced obese mice (14) . However, there are also reports suggesting an opposite effect of p38 in promoting adipogenesis, as adipocyte differentiation from 3T3-L1 preadipocytes was suppressed by treatment with the p38 inhibitor SB203580 or by expression of a dominant negative mutant of p38 (12) . In contrast, overexpression of a constitutively active MKK6 mutant enhances adipogenic activity of 3T3-L1 cells (13) . These conflicting data may be due to phosphorylation of different substrates by p38, as influenced by p38 expression levels or cellular context. Shp2 fat−/− mice suffered from lipodystrophy with hypotension and extremely low serum levels of leptin. Fat transplantation and leptin administration partially restored blood pressure, providing the direct evidence that leptin is a critical adipokine that regulates blood pressure. Consistently, human leptin deficiency causes hypotension and increases mortality in childhood after infections (48, 49) . Prolonged caloric restriction and reduced leptin levels effectively decrease blood pressure in humans and rodents suffering hypotension (28, 50, 51) . In contrast, obese patients are associated with hypertension due to hyperleptinemia (28-30, 51, 52) .
Either by genetic inheritance or through drugs or viral infection, patients with lipodystrophy syndrome display multiple metabolic disorders, including insulin resistance, lack of circulating leptin, cardiac hypertrophy, hepatic steatosis, and hypertriglyceridemia (53, 54) . Many animal models have been reported for lipodystrophy, with variable or opposite metabolic complications associated with the syndrome (55-61) . The adipose-specific PPARγ knockout mouse lines generated by several groups exhibit different phenotypes (23, 39) . Of note, the Shp2 fat−/− mice present the most severe phenotype of lipodystrophy with early postnatal lethality and low blood pressure. There are several The heart beat rate and systolic and diastolic blood pressure were measured for WT (n = 7), KO (n = 7), and KO-R (n = 6) mice. (B) The effect of leptin administration on blood pressure was determined in WT and KO mice.
other unique features for this animal model, such as lack of WAT with normal BAT, normal insulin signaling, normal serum profiles of lipids, and hepatic steatosis. Further characterization of this mouse model will provide unique insights into the molecular mechanism for adipogenesis and better therapeutic targets for obesity.
Experimental Procedures
Mouse Lines. Generation of the conditional Shp2 mutant allele (Shp2 flox ) was reported previously (18) . The aP2-Cre transgenic mouse line originally generated in the Evans laboratory (21) was provided by J. Olefsky at University of California at San Diego (UCSD). The adiponectin-Cre (23) and LysM-Cre mice (27) were purchased from JAX. All strains of mice were at C57BL/6 background. Mice at age 4-8 wk were used to perform experiments and Metabolic Assays. Complete blood cell (CBC) counting was performed with the VetScan HMII Hematology System (Abaxis). Serum was collected from mice at age 4-12 wk. Serum insulin and leptin levels were measured using commercial kits (90030 and INSKR020; Crystal Chem). Adipokines were measured by Luminex (Millipore). IGF1 was measured by IGF1 Luminex (Millipore). Total triglyceride was measured by an ELISA kit (Cayman Chemical; 10010303). Cholesterol, HDL, and LDL/VLDL were measured by the colorimetric method (BioAssay Systems). Mice at age 4-8 wk were warmed up to 35°C on a heating pad to acclimate the measurement of blood pressure for 20 min, and leptin [3 μg/kg body weight (BW); National Hormone and Peptide Program or Calbiochem] was injected intraperitoneally. The CODA-6 system (Kent Scientific) was used to monitor the blood pressure of mice from 9:00 AM to 11:00 AM.
Fat Transplantation. Fat transplantation was performed as previously described (62) . In brief, s.c. and gonadal fat pads were collected from WT littermates of the same sex at age at least 1 mo. Fat pads were cut into small pieces (about 2 mm diameter) and kept in saline at 37°C for transplantation.
Shp2
fat−/− recipients were anesthetized by isoflurane or i.p. injection with avertin. Skin was freed from connective tissue, using blunt dissection, and one piece of fat was inserted into one incision. Each mouse received a total of five to six donor slices of fat pad inserted into the s.c. area, i.e., below the skin on the back. The incisions were sutured, and the mice were allowed to recover from anesthesia before return to their home cages. The sham mice underwent the same surgery but did not receive fat transplant.
Cell Signaling. Cells (3T3-L1) (ATCC) were cultured under standard conditions. Gonadal fat pads from mice at age 4-8 wk were isolated for experiments. Fat tissue lysates were prepared in tissue lysis buffer. Cell or tissue lysates were immunoblotted with antibodies to Shp2, SREBP1, C/EBPβ, p300, CREB, F4/80, TAO2 antibody (Santa Cruz Biotechnology), PPARγ 1/2 , phospho-p38 (p-p38) and Fig. 7 . p-p38 levels decreased in aged or obese animals and obese human subjects. (A) Immunoblot analysis was performed to determine p-p38 levels and p38 protein amounts in adipose tissue isolated from male and female mice at age 2, 6, and 12 mo. (B) p-p38 levels were evaluated by immunoblot analysis in adipose tissue isolated from mice at age 2 or 8 mo fed regular chow food or from 8-mo old mice that were fed HFD for 6 mo. ) ES cells after induction of adipogenesis, using antibodies against PPARγ, FASN, Shp2, or Erk. (E) Real-time Q-PCR was performed to detect PPARγ, FASN, and Pref1 mRNA levels in WT and KO embryonic stem (ES) cells after adipocyte induction, using β-actin as a control.
